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ABSTRACT
We examine recent studies on the formation rate of planetary nebulae and find this rate to be
about one-third of the formation rate of white dwarfs. This implies than only about one-third of all
planetary nebulae that evolve to form white dwarfs are actually bright enough to be observed. This
finding corresponds with the claim that it is necessary for a binary companion to interact with the
asymptotic giant branch stellar progenitor for the descendant planetary nebulae to be bright enough
to be detected. The finding about the formation rate also strengthens De Marco’s conjecture that the
majority of observed planetary nebulae harbor binary systems. In other words, single stars almost
never form observed planetary nebulae.
Subject headings: planetary nebulae: general — stars: AGB and post-AGB — stars: mass loss
1. INTRODUCTION
Planetary nebulae (PNs) are ionized clouds of gas out-
flowing from their progenitor central star. This expand-
ing nebula must be bright enough to be observed in the
visible band to be classified as a PN. Most PNs pos-
sess a global axisymmetrical structure (by axisymmet-
rical we refer also to point-symmetric and multi-polar
geometries), rather than a spherical structure, in their
inner region (Zuckerman & Aller 1986; Balick 1987; Chu
et al. 1987; see Balick & Frank 2002 and Sahai 2004
for more references). The transition from blowing spher-
ical wind to axi-symmetrical one by the progenitors of
PNs is most evident in PNs having an inner bright axi-
symmetrical region with a faint spherical halos around
the inner region; the inner region surface brightness is
typically more than an order of magnitude higher than
that of the spherical outer region (e.g., Plait & Soker
1990; Bryce et al. 1994; Balick et al. 1992; Hajian et al.
1997; Corradi et al. 2003, 2004).
Frank et al. (1994) examined the possibility that PNs
are formed from a high mass loss rate episode (super-
wind, or final intensive wind) caused by a thermal helium
flash. This, however, does not account for the observa-
tion that the transition to a final intensive wind corre-
lates with the transition to a non-spherical mass loss ge-
ometry (Soker 2002). The thirty-years old binary model
for the formation of non-spherical PNs (e.g., Bond et al.
1978; Fabian & Hansen 1979; Livio et al. 1979; Morris
1981; for review see Balick & Frank 2002), can account
for this correlation (Soker 2004), where the binary can
be a stellar or a massive substellar object.
Over the years it has become clear that binary interac-
tion plays a major role in the formation and shaping of
many (Bond & Livio 1990; Iben & Livio 1993), or even
most (Bond 2000), PNs. Several recent studies discuss
the possibility that binary systems are necessary for the
formation, mainly via the common envelope evolution,
of observed PNs (De Marco et al. 2004; Afsar & Bond
2005; De Marco & Moe 2005). De Marco & Moe (2005)
and Moe & De Marco (2006, hereafter MD06) reached
this conclusion based on a population synthesis study
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and observations hinting that most PNs have central bi-
nary systems (Sorensen & Pollaco 2004; De Marco et al.
2004; Hillwig 2004; Afsar & Bond 2005).
Soker & Subag (2005, hereafter SS05) argued that rela-
tive to non-spherical PNs spherical PNs are about an or-
der of magnitude less likely to be detected. They argued
that the majority of spherical PNs are much too faint to
be detected, and they term this population a hidden PN
population. SS05 based their claim on two arguments.
First, they noticed that all PN are expected to have a
large halo around the bright shell; the halo is the remnant
of the early AGB wind. However, only a small fraction
of PNs posses such a detectable halo. Noting the struc-
ture similarity of halos around non-spherical PNs to that
of observed spherical PNs, they then assumed that most
unobserved spherical PNs are also similar in structure to
the spherical halos around non-spherical PNs. From the
work of Corradi et al. (2003) concerning halos in PNs,
SS05 conservatively deduced that the detection fraction
of halos is about an order of magnitude less than that of
the bright PN shell. Considering that the detection of ha-
los follows the detection of the inner bright non-spherical
shell, rather than being random, the true detection prob-
ability of halos is much below 10% of the detection prob-
ability of the non-spherical bright shells. Secondly, SS05
built a toy model for the luminosity evolution of PNs, and
showed that the claimed detection fraction of spherical
PNs based on halos around non-spherical PNs is com-
patible with observational sensitivities. Their toy model
is conservative and overestimates the detection probabil-
ity of spherical PNs. The toy model was based on the
assumption that PNs are detected by their luminosity.
However, most PNs are detected by their surface bright-
ness. This will make spherical PNs with their extended
halo even more difficult to detect and the expected hid-
den population larger. The recent detection of a spherical
PN at a distance of only ∼ 0.5 kpc (Pierce et al. 2004;
Frew & Parker 2006) shows that faint spherical PNs can
indeed escape detection.
An interacting binary companion has two effects on
the mass loss process that cause the descendant PN to
be much brighter. (1) The companion increases the mass
loss rate on the AGB. This leads to a denser nebula,
therefore a much brighter nebula. (2) The enhanced mass
2loss rate continues into the post-AGB phase, making the
AGB to PN transition phase much shorter. This effect is
very important because in commonly accepted mass loss
mechanisms for AGB stars, which are based on radia-
tion pressure on dust, the mass loss rate is very sensitive
to the stellar surface (effective) temperature Teff (e.g.,
Wachter et al. 2002; van Loon et al. 2005). The star
starts to leave the AGB, shrinks, and heats up when its
envelope mass decreases toMenv ≃ 0.1M⊙. With a mass
loss rate < 10−5M⊙ yr
−1 the transition from the AGB
to the PN phase, the pre-PN evolution time, will last
more than 10, 000 yr, contrary to observations. Soker &
Harpaz (2002) and Scho¨nberner et al. (2005) previously
noted that commonly used theoretical dust-driven mass-
loss models in single stars cannot be applied during the
star’s departure from the AGB. The surface brightness
S depends strongly on the PN radius S ∼ R−3PN (Shaw et
al. 2001; Stanghellini et al. 2002, 2003; Frew & Parker
2006). Therefore, a long pre-PN (post-AGB) evolution-
ary time, such as expected for single AGB stars, implies
a larger PN with a much lower surface brightness.
The goal of this paper is to examine whether it is in-
deed possible that the majority (Bond 2000), or even all
(De Marco et al. 2004; De Marco & Moe 2005; MD06),
observed non-spherical PNs are shaped by strongly inter-
acting stellar (or in the minority of the cases with massive
substellar) companions, and to update the percentage
of different evolutionary routes to produce non-spherical
PNs (SS05).
2. RE-EXAMINING ESTIMATES OF PLANETARY
NEBULAE FORMATION RATE
The PN formation rate per unit volume in the so-
lar vicinity is hard to calculate, and published values
differ substantially in the range χ(PN) = 0.4 − 8 ×
10−12 pc−3 yr−1 (Pottasch 1996). We focus on the a
more recent study by Phillips (2002). Phillips (2002)
finds the PN formation rate per unit volume to be
χP (PN) = 2.1 × 10
−12 pc−3 yr−1. We find this esti-
mate to be too high as we now explain.
(1) PN Size. In Table 1, Phillips (2002) lists 66 close-
by PNs. Of these, 24 are in the list of PNs interacting
with the ISM compiled by Tweedy & Kwitter (1996); 20
of these 24 are PNs strongly interacting with the ISM.
According to Phillips, the average radius of PNs listed
in Phillips’ Table 1 is < RP >≃ 0.54 pc. However, the
average radius (along the long axis) of the 24 PNs listed
also in Tweedy & Kwitter is < RTK >≃ 1.45 pc. This
hints that on the average PN sizes and distances might
be larger than the values obtained by Phillips (2002).
(2) The PN Visibility (life) time. We consider four fac-
tors: (2.1) Phillips (2002) takes the PN visibility age to
be equal to the average PN radius divided by the nebu-
lar expansion velocity. He finds < RP >≃ 0.54 pc, and
divides by an average expansion velocity 25 km s−1 to
obtain the PN visibility time of τPN ≃ 21, 000 yr. How-
ever, the average age of a population will be equal to half
its life span. (2.2) As claimed in the preceding point (1),
the actual average PN radii is larger than that found by
Phillips. (2.3) MD06 estimate the PN visibility time as
a function of metallicity and progenitor mass, and find
the average value to be τPN ∼ 40, 000 yr. For com-
parison, Buzzoni et al. (2006) take in their population
synthesis study τPN ∼ 30, 000 yr. (2.4) Because the ISM
compresses the nebular gas on one side, such PNs stay
bright for a longer time than freely expanding nebulae.
About one-third of the PNs in Phillips’ Table 1 show
signs of interaction with the ISM. Considering these four
factors, we estimate τPN ≃ 40, 000 yr as a more typical
PN visibility (life) time.
(3) Distances of close by PNs. Since Phillips (2002)
published his results, there have been new estimates
of distances to PNs in the literature. Phillips’ Table
1 has eight PNs with new estimated distances: NGC
7009 (Fernandez et al. 2004; Sabbadin et al. 2004),
NGC 6853 (Benedict 2003), NGC 7027 (Bains et al.
2003; Mellema 2004), NGC 6543, NGC 7662, NGC 3242
(Mellema 2004), NGC 3132 (Schwarz & Monteiro 2006)
and IC 2448 (Mellema 2004; Palen et al. 2002). On av-
erage, these distances are ∼ 1.5 larger than those listed
by Phillips. In recent papers Phillips (2005a,b) updated
several distances. In Phillips (2005b) distance to four
PNs are larger by an average factor of 1.9 than those
given in Phillips (2002). In Phillips (2005a) there are
distances to 29 PNs in common with Table 1 in Phillips
(2002). Of these, one PN is listed with a smaller dis-
tance, while 11 are listed with larger distances, and 17
with the same distances as those in Phillips (2002). The
average distance of these 29 PNs in Phillips (2005a) is 1.3
times larger than the average distance of the same 29 PNs
listed in Phillips (2002). There is no overlap between the
8+4+11=23 PNs with new and larger distances, out of
66 PNs in Table 1 of Phillips (2002). MD06 found their
PN birth rate to be ∼ 10 times smaller than that de-
duced by Phillips and implicitly stated that the Phillips’
distance scale is too small by a factor of ∼ 2 (De Marco,
O., private communication, 2006). We take our new av-
erage distance estimate to PNs to be 1.5 times larger
than distances given by Phillips (2005). This implies a
local density of ∼ 0.3 compared with that obtained by
Phillips. Using the same steps as Phillips (2002) used,
we find that the total number of observed PNs in the
galaxy is ∼ 9, 000 instead of ∼ 30, 000. This is identical
to the number deduced by Peimbert (1993). Considering
τPN ≃ 40, 000 yr, which is ∼ 2 times the value used by
Phillips, yields a local PN formation rate χ(PN) which
is ∼ 0.15 times that obtained by Phillips.
(4) Distances of far PNs. In Table 3, Phillips lists PNs
at an average larger distance from the Sun compared with
those in Table 1. From these, eleven PNs have a new dis-
tance estimate: NGC 6578, NGC 6884 (Mellema 2004;
Palen et al. 2002), NGC 6741 (Sabbadin et al. 2005),
Vy 2-2, BD +30◦3639 (Mellema 2004), A 20, A 15 (Em-
prechtinger et al. 2005), Mz1 (Monteiro et al. 2005), Mz3
(Smith 2003), M 2-43 (Guzman et al. 2006), and NGC
6302 (Meaburn et al. 2005). The new distances are on
average∼ 2.8 times those listed by Phillips. This implies
a PN density lower by an order of magnitude than that
obtained by Phillips (2002). This might further support
our claim that Phillips overestimated the observed-PN
formation rate by an order of magnitude.
Our new estimate of local PN formation rate is 0.1 −
0.2 times that given by Phillips, namely χn(PN) =
0.2 − 0.4 × 10−12 pc−3 yr−1. This should be compared
with the formation rate of white dwarfs. Liebert et al.
(2005) find the WD formation rate to be χL(WD) ∼
10−12 pc−3 yr−1. ∼ 10% of these are low mass WDs,
whose progenitors did not evolve through the AGB. On
3the other hand, the number of WDs can be somewhat
larger than that found by Liebert et al. (Harris et
al. 2006). We note that MD06 find the expected lo-
cal formation rate of PNs (hidden and observed) to be
∼ 0.9×10−12 pc−3 yr−1. We conclude that our estimate
of the observed PN formation rate is ∼ 0.3 times the for-
mation rate of WD by AGB stars, or of all PNs. The rest
∼ 70% of WDs formed by AGB stars are descendants of
hidden PNs.
3. CONSTRAINING THE PROPERTIES OF HIDDEN
PLANETARY NEBULAE
The discussion in §1 and §2, and the papers cited there,
strongly suggest that there is indeed a hidden PN pop-
ulation, defined as PNs that originate from AGB stars
and are now ionized by the same central stars, but which
are much too faint to be detected. They are formed from
stars that did not go through a final intensive mass loss
rate episode at the end of their AGB phase, most likely
because they did not interact with a stellar companion
or a brown dwarf or a massive planet.
Limitations from different surveys can be used to con-
strain the properties of the hidden-PN progenitors. Sur-
veys for PNs in the Hα emission line that have high
enough angular resolution are sensitive down to a sur-
face brightness of 2 Rayleighs, which equals Ss ∼ 5 ×
10−7 erg cm−2 s−1 sr−1 (Parker et al. 2005).
We consider a spherical PN formed by an AGB pro-
genitor which had a slowly varying mass loss rate, which
decreased by a large factor as it terminated the AGB.
The ionization of the nebula by the central star, i.e., the
PN phase, starts a time τp after the termination of the
AGB wind. The nebula, i.e., the AGB wind, is charac-
terized by a mass loss rate M˙h, a speed v and density
ρ(r) = M˙h/4pir
2v. Because the pre-PN time period is
long, and as a consequence the internal low density cav-
ity is large, we neglect the compression of the slow wind
by the fast stellar wind blown during the PN phase. This
could increase the surface brightness to some extent. The
surface brightness has a maximum at a projected dis-
tance R = vτp. The surface brightness is given by inte-
grating the emissivity, in units of erg s−1 cm−3, along
the line of sight through the nebula
SPN =
1
4pi
∫ ∞
−∞
npneαHαdl, (1)
where np is the proton density, ne is the electron density,
and αHα is the line recombination coefficient (Case B)
for Hα. After performing a standard integration along
the line of sight, the surface brightness in Hα is found
to be
SPN = 7.5× 10
−6
(
M˙h
10−6M⊙ yr−1
)2(
τp
104 yr
)−3
×
( v
10 km s−1
)−5
erg cm−2 s−1 sr−1. (2)
To avoid detection most of these PNs should
have a surface brightness of SPN < Ss ∼ 5 ×
10−7 erg cm−2 s−1 sr−1. The constraint on the pre-PN
(post-AGB) evolution time period (the transition from
the AGB to the PN phase) reads
τp & 25, 000
(
M˙h
10−6M⊙ yr−1
)2/3 ( v
10 km s−1
)−5/3
yr
(3)
Theories of mass loss driven by radiation pressure on
dust predict very strong dependence on the effective tem-
perature of the star. Wachter et al. (2002) find M˙ ∼ T−7eff
for carbon-rich AGB stars. van Loon et al. (2005) empir-
ically find the dependence of mass loss rate of oxygen-rich
AGB stars on effective temperature to be M˙ ∼ T−6.3eff .
AGB stars start to contract when their envelope mass is
∼ 0.1M⊙. This implies that for most single AGB stars,
the mass loss rate decreases to ∼ 10−6M⊙ yr
−1 when the
envelope mass is several×0.01M⊙. Therefore, a pre-PN
evolution time of several×104 yr is expected for single
stars, and this is what Wachter et al. (2002) find for an
evolution of a carbon-rich star having a main sequence
mass of 1.3M⊙. Oxygen-rich stars will have lower mass
loss rate, and evolve over a longer time period. This
shows that the condition for PNs formed by single stars
not to be detected by present surveys (eq. 3) is fulfilled
by most, or even all, single star progenitors, but not to
a large extent, implying that deeper observations will re-
veal more faint PNs, most of them spherical.
4. DISCUSSION AND SUMMARY
In proposing that the majority of PNs are descendants
of binary systems (Bond 2000), the primary stimulus of
De Marco et al. (2004), De Marco & Moe (2005) and
MD06 derives from observations that suggest a large frac-
tion of PNs have a central binary stellar system. The
main motivation for our study and finding that it is in-
deed possible that most observed PNs are descendants of
binary systems is the firmly based theoretical result that
single stars cannot form non-spherical PNs (Soker 2006
and references therein). Whereas> 95% of observed PNs
are non-spherical, population synthesis studies indicate
that ∼ 25% of all AGB stars go through a common enve-
lope interaction (Yungelson et al. 1993; Han et al. 1995),
and an additional ∼ 15% of AGB stars interact with a
close stellar companion that avoids a common envelope
(Soker & Rappaport 2000). In these two processes the
stellar companion not only shapes the AGB wind but
also increases the mass loss rate and shortens the pre-
PN evolution time. Both effects lead to a much brighter
descendant PN. Shaping by wide companions or planets
are not expected to increase the mass loss rate from AGB
stars by much. Also, it is not clear that there are enough
massive planets and brown dwarfs to shape ∼ 15% of all
PNs as suggested by SS06.
Re-examining the PN formation rate derived by Philips
(2002), we found that Phillips overestimated the PN for-
mation rate by a factor of ∼ 7. Our results indicate the
formation rate of PNs to be ∼ 1/3 of the WD formation
rate (Liebert et al. 2005). If this result holds, then we
must conclude that the hidden PN population comprise
∼ 60− 70% of all PNs. These are mostly, but not solely,
spherical PNs. We also conclude that the vast majority
of observed PNs are descendants of strongly interacting
binary systems, but these comprise only∼ 1/3 of all PNs.
Updating the results of SS05, we conclude that among
the observed PNs, only ∼ 3% are spherical; these are
4descendants of single star evolution. The rest, ∼ 97%
of observed PNs, are non-spherical, with ∼ 60 − 70%
being descendants of common envelope evolution, and
∼ 30− 40% being descendant of strongly interacting bi-
nary systems that avoided common envelope evolution.
Many post-AGB stars, which most likely are interact-
ing binary stars that avoided a common envelope, have
circumstellar gas and dust concentrated near their equa-
torial plane (De Ruyter et al. 2006). These systems show
that many post-AGB stars with a stellar companion that
avoided a common envelope are capable of causing non-
spherical mass loss geometry.
Our results strengthen the conjecture of De Marco and
collaborators (De Marco et al. 2004; De Marco & Moe
2005; MD06) that most observed PNs are formed by stel-
lar binary systems (in a minority of the cases the com-
panion can be a brown dwarf of a massive planet). That
is, single stars rarely form observed PNs. We join SS05 in
predicting that very deep observations will detect more
faint PNs, most of which are spherical. We also predict
that stars similar to those of the central stars of PNs but
with no bright nebula around them will be detected.
This research was supported in part by the Asher Fund
for Space Research at the Technion.
REFERENCES
Afsar, M., & Bond, H. E. 2005, Memorie della Societa Astronomica
Italiana, 76, 608
Bains, I., Bryce, M., Mellema, G., Redman, M. P., & Thomasson,
P. 2003, MNRAS, 340, 381
Balick, B. 1987, AJ, 94, 671
Balick, B., & Frank, A. 2002, ARA&A, 40, 439
Balick, B., Gonzalez, G., Frank, A., & Jacoby, G. 1992, ApJ, 392,
582
Benedict, G. F., McArthur, B. E., & Fredrick, L. W., et al. 2003,
AJ, 126, 2549
Bond, H. 2000, ASP Conf. Ser. 199, Asymmetrical Planetary
Nebulae II: From Origins to Microstructures, ed. J. H. Kastner,
N. Soker, & S. Rappaport (San Francisco:ASP), 115
Bond, H. E., Liller, W., & Mannery, E. J. 1978, ApJ, 223, 252
Bond, H. E., & Livio, M. 1990, ApJ, 355, 568
Bryce, M., Balick, B., & Meaburn, J. 1994 MNRAS, 266, 721
Buzzoni, A., Arnaboldi, M., & Corradi,R. L. M. 2006, MNRAS, in
press (astro-ph/0602458)
Chu, Y.-H., Jacoby, G. H., & Arendt, R. 1987, ApJS, 64, 529
Corradi, R. L. M., Sanchez-Blazquez, P., Mellema, G., Giammanco,
C., & Schwarz, H. E. 2004, A&A, 417, 637
Corradi, R. L. M., Scho¨nberner, D., Steffen, M., & Perinotto, M.
2003, MNRAS, 340, 417
De Marco, O., Bond, H. E., Harmer, D., & Fleming, A. J. 2004,
ApJ, 602, L93
De Marco, O., & Moe, M. 2005, in Planetary Nebulae as
Astronomical Tools, Eds: R. Szczerba, G. Stasinska, and S. K.
Gorny (AIP Conference Proceedings) (astro-ph/0511356)
De Ruyter, S., Van Winckel, H., Maas, T., Lloyd Evans, T.,
L.B.F.M. Waters, L.B.F.M., & Dejonghe, H. 2006, A&A in press
(astro-ph/0601578)
Emprechtinger, M., Rauch, T., & Kimeswenger, S. 2005, A&A, 431,
215
Fabian, A. C. & Hansen, C. J. 1979, MNRAS, 187, 283
Fernandez, R., Monteiro, H., & Schwarz, H. E. 2004, ApJ, 603, 595
Frank, A., van der Veen, W. E. C. J., & Balick, B. 1994, A&A,
282, 554
Frew, D. J. & Parker, Q. A. 2006, in Planetary Nebulae as
Astronomical Tools, Eds: R. Szczerba, G. Stasinska, and S. K.
Gorny (AIP Conference Proceedings)
Guzman, L., Gomez, Y., & Rodriguez, L. F. 2006,
(astro-ph/0602418)
Hajian, A. R., Frank, A., Balick, B., & Terzian, Y. 1997, ApJ, 477,
226
Han, Z., Podsiadlowski, P., & Eggleton, P. P. 1995, MNRAS, 272,
800.
Harris, H. C., Munn, J. A., & Kilic, M. et al. 2006, AJ, 131, 571
Hillwig, T. 2004, in Asymmetrical Planetary Nebulae III: Winds,
Structure and the Thunderbird, eds. M. Meixner, J. H. Kastner,
B. Balick, & N. Soker, ASP Conf. Series, 313, (ASP, San
Francisco), 529 (astro-ph/0310043)
Iben, I. Jr., & Livio M. 1993, PASP, 105, 1373
Liebert, J., Bergeron, P., & Holberg, J. B. 2005, ApJS, 156, 47
Livio, M., Salzman, J., & Shaviv, G. 1979, MNRAS, 188, 1
Meaburn, J., Lopez, J. A., Steffen, W., Graham, M. F., Holloway,
A. J. 2005, AJ, 130, 2303
Mellema, G. 2004, A&A, 416, 623
Moe, M., & De Marco, O., 2006, preprint (MD06)
Monteiro, H., Schwarz, H. E., Gruenwald, R., Guenthner, K., &
Heathcote, S. R. 2005, ApJ, 620, 321
Morris, M. 1981, ApJ, 249, 572
Palen, S., Balick, B., Hajian, A. R., Terzian, Y., Bond, H. E., &
Panagia, N. 2002, AJ, 123, 2666
Parker, Q. A., Phillipps, S., & Pierce, M. J. et al. 2005, MNRAS,
362, 689
Peimbert, M. 1993, in IAU Symp. 155, Planetary Nebulae, ed. R.
Weinberger & A. Acker (Dordrecht: Kluwer), 523
Phillips, J. P. 2002, ApJS, 139, 199
Phillips, J. P. 2005a, MNRAS, 257, 619
Phillips, J. P. 2005b, MNRAS, 262, 847
Pierce, M. J., Frew, D. J., Parker, Q. A., & Ko¨ppen, J. 2004, Publ.
Astron. Soc. Australia, 21, 334
Plait, P., & Soker, N. 1990, AJ, 99, 1883
Pottasch, S. R. 1996, A&A, 307, 561
Sabbadin, F., Benetti, S., Cappellaro, E., Ragazzoni, R., & Turatto,
M. 2005, A&A, 436, 549
Sabbadin, F., Turatto, M., Cappellaro, E., Benetti, S., &
Ragazzoni, R. 2004, A&A, 416, 955
Sahai, R. 2004, in Asymmetrical Planetary Nebulae III: Winds,
Structure and the Thunderbird, eds. M. Meixner, J. H. Kastner,
B. Balick, & N. Soker, ASP Conf. Series, 313, (ASP, San
Francisco), p. 141
Scho¨nberner, D., Jacob, R., Steffen, M., Perinotto, M., & Corradi,
R. L. M., & Acker, A. 2005, A&A, 431, 963
Schwarz, H. E., & Monteiro H. 2006, astro-ph/0604501
Shaw, R. A., & Stanghellini, L., Mutchler, M., Balick, B., & Blades,
J. C. 2001, ApJ, 548, 727
Smith, N. 2003, MNRAS, 342, 383
Soker, N. 2002, A&A, 386, 885
Soker, N. 2004, in Asymmetrical Planetary Nebulae III: Winds,
Structure and the Thunderbird, eds. M. Meixner, J. H. Kastner,
B. Balick, & N. Soker, ASP Conf. Series, 313, (ASP, San
Francisco), p. 562 (extended version on astro-ph/0309228)
Soker, N. 2006, PASP, in press (astro-ph/0501647)
Soker, N., & Harpaz, A. 2002, astro-ph/0210586
Soker, N., & Rappaport, S. 2000, ApJ, 538, 241
Soker, N., & Subag, E. 2005, AJ, 130, 2717 (SS05)
Sorensen, P., & Pollacco, D. 2004, in Asymmetrical Planetary
Nebulae III: Winds, Structure and the Thunderbird, eds. M.
Meixner, J. H. Kastner, B. Balick, & N. Soker, ASP Conf. Series,
313, (ASP, San Francisco), 515
Stanghellini, L., Shaw, R. A., Mutchler, M., Palen, S., Balick, B.,
& Blades, J. C. 2002, ApJ, 575, 178
Stanghellini, L., Shaw, R. A., Balick, B., Mutchler, M., Blades, J.
C. & Villaver, E. 2003, ApJ, 596, 997
Tweedy, R. W., & Kwitter, K. B. 1996, ApJS, 107, 255
van Loon, J. Th., Cioni, M.-R. L., Zijlstra, A. A., & Loup, C. 2005,
A&A, 438, 273
Wachter, A., Schro¨der, K.-P., Winters, J. M., Arndt, T. U., &
Sedlmayr, E. 2002, A&A, 384, 452
Yungelson, L. R., Tutukov, A. V., & Livio, M. 1993, ApJ, 418, 794
Zuckerman, B., & Aller, L. H. 1986, ApJ, 301, 772
